The nuclear Overhauser enhancement (NOE) is a powerful tool of NMR Spectroscopy extensively used to gain structural information in ionic liquids (ILs). A general model for the distance dependence of intermolecular NOE in ILs was recently proposed showing that NOE spots beyond the first solvation shell and accounts for long-range effects. This conclusion prompted for a deep rethinking of the NOE data interpretation in ILs. In this paper we present an extensive and quantitative study of N-propyl-N-methyl pyrrolidinium bis(trifluoromethanesulfonyl)imide (PYR 13 TFSI), the homologue with bis ( Li}NOE correlation experiments (HOESY). The former is mainly tuned on long-range interactions, the latter on short-range ones, due to the small and large Larmor frequency differences of the involved nuclei. The collected data are discussed in two different way: long-range { 1 H-
Introduction
The unique properties of ionic liquids (ILs) and the growing scientific and technological interest they raise prompt for a thorough understanding of their structure at increasing levels of details. In the large repertoire of physical methods used for ILs' characterization, NMR spectroscopy is still playing an important role, outlined in some recent review articles [1, 2] . In turn, the nuclear Overhauser enhancement (NOE) is one of the most powerful NMR tool for the assessment of three dimensional structure of molecules [3] and for the detection of intermolecular interactions [4] . The first application of NOE to ILs dated back 1995 by the group of Osteyoung [5] . Since then, many applications of NOE for ILs have been published, either homonuclear (typically { 1 H-1 H}NOE) [6] [7] [8] [9] or heteronuclear (most of the cases { 1 H- 19 F}NOE) [10] [11] [12] . The main strength of the NOE approach is that it is originated by the mutual relaxation (cross-relaxation) of NMR interacting nuclei close in space, thus providing precious information on the three dimensional structure of molecules and/or aggregate containing the interacting nuclei. The NOE stems from the coupling of the magnetic moments of the interacting spins, generally indicated as I and S. The magnetic dipole-dipole interaction fluctuates with time, due to molecular motion. Such fluctuations are the physical foundation for magnetization transfer and cross relaxation, indicated with  IS . More formally, the spectral density function J() describes the modulation of the magnetic dipole-dipole interactions due to the molecular motion. In the case of intramolecular NOE, the distance r IS between I and S is constant (if we neglect segmental internal motions ) and, therefore, the rotational reorientation of the molecule is the main source of dipole-dipole fluctuations affording the cross-relaxation. The most popular consequence of such mechanism is in the r -6 distance dependence of the cross-relaxation rate, leading to the "rule of thumb" of vanishing NOE at r IS > 5 Å. Thus, intramolecular NOE spots on short-range interactions, mainly.
A formal theory for the intermolecular NOE is complicated by I and S being placed on different molecules undergoing both rotational and translational rearrangements. Different models have been developed in order to account for these factors [13] [14] , all leading to the conclusion that the intermolecular NOE extends beyond the 5 Å threshold, thus assuming a long-range, rather than short-range, character. In the context of ILs, these findings have a quite important fall-out, as many investigations on the local structure of ILs are based on the intermolecular homo- [6] [7] [8] [9] and heteronuclear NOE [10, 12] . As remarked, many ILs are composed of cations containing H atoms in an organic frame (e.g. imidazolium, pyridinium, ammonium, pyrrolidinium, etc), and anions that very often do contain F atoms instead of H atoms, typically sulfonylimide-based anions. In such cases, the homonuclear NOE correlation experiments currently available on modern spectrometers, namely { F}HOESY measurements spot on the cation-anion pattern. Here the acronyms NOESY and ROESY refer, respectively, to two dimensional, homonuclear NOE correlation experiments in the lab frame and in the rotating frame, in the order. HOESY refers to two dimensional heteronuclear NOE correlation experiments. [15] Recently, Gabl, Steinhauser and Weingärtner (GSW) proposed a mathematical model for the prediction of J() in the case of intermolecular cross-relaxation in ILs [16, 17] . The new concept introduced by the GSW approach is that the distance law of intermolecular NOE strongly depends on the Larmor frequencies of the interacting nuclei I and S,  I and  S , respectively. The r -6 short-range dependence, strictly true for the intramolecular cross-relaxation, turns into a more general r -n distance law, with n < 6 . Consequently, longrange effects can be detected in intermolecular NOE experiments whenever the frequencies of the crossrelaxing nuclei are close enough, as in the homonuclear case { F} and a value for the exponent n even smaller for the homonuclear case. As we anticipated earlier [18] , the advancement of the intermolecular NOE theory calls for a re-thinking of the current criteria for the interpretation of intermolecular NOE in ILs.
In this paper we present a collection of heteronuclear NOE experiments on a simple model amenable of interpretation at the light of the new theoretical advancements. It is intended to be a case-study where both short and long range effects can be considered and discussed as a paradigm of the up-to-date method of NOE data interpretation. Thus, the main purpose of this work is to promote a debate on the use and interpretation of heteronuclear, intermolecular NOEs in assessing the local order of ILs, rather than providing (or not) a validation of the GSW model.
In order to reach this goal, the following points have been considered: we have chosen two ILs based on the N-propyl-N-methyl pyrrolidinium cation (PYR 13 ) combined with two different perfluorinated anions. The two anions are bis(trifluoromethanesulfonyl)imide (TFSI) and bis(fluorosulfonyl)imide (FSI), in the order. The molecular formulae and the atom labels are depicted in Figure 1 . All the systems were examined as pure liquids and as mixture with LiTFSI in the molar composition 0.9 PYR 13 X -0.1 LiTFSI (X= TFSI, FSI). A single case of a ternary mixture (0.3 PYR13TFSI -0.6 PYR13FSI -0.1 LiTFSI) is also reported as supporting example for the assessment of Li molecular environment. It is important to remind the technological importance of these systems as innovative electrolyte components for safer lithium ion battery systems [19] . Since their unique properties, e.g., non-flammability, negligible vapor pressure, remarkable ionic conductivity, high thermal, chemical and electrochemical stability, low heat capacity, ability to dissolve inorganic (including lithium salts), organic and polymeric materials [20] [21] [22] [23] , ILs have attracted growing attention for replacing organic compounds currently used not only in lithium batteries [19] , but also in a wide variety of electrochemical devices [24] [25] [26] [27] [28] [29] [30] , resulting in improved safety in case of overheating/overcharging which can lead to flaming/explosion. It is to note that safety issues have been preventing till now the wide diffusion of lithium batteries in large scale applications such as automotive, electric storage from renewable power sources, smart grids, etc. In addition, the possibility to widely combine a large variety of cations and anions gives the freedom to design the most suitable ionic liquids for matching the requirements of the electrochemical device. Viable lithium battery ionic liquids [19] are formed by alkylimidazolium, saturated alkyl quaternary ammonium [cyclic (pyrrolidinium, piperidinium) or acyclic (tetraalkylammonium)] cations in combination with hydrophobic perfluoroalkylsulfonylimide anions. The mole fraction of LiTFSI, e.g., 0.1, was chosen because it confers from good to high Li + conduction values to electrolytes and, at the same time, falls rather far from the solid eutectic composition [31] (e.g., which might take place upon high current rates conditions, depleting the battery performance). From the NMR point of view, and in the economy of the present paper, these systems allowed us to carry out two different types Li}HOESY is thus expected to provide an exhaustive structural picture, comprising both long and short range structural motives. The theoretical foundation of this statement is briefly outlined in the Materials and Methods section, as "Intermolecular NOE and interacting nuclei distance: some key concepts".
". 
Materials and Methods

Ionic Liquids Synthesis
The PYR 13 TFSI and PYR 13 FSI ionic liquids were synthesized through a procedure developed at ENEA and described in details elsewhere [35] . The chemicals, namely N-methylpyrrolidine (98 wt.%) and 1-bromopropane (99 wt.%) and the sorbents, e.g., activated carbon (Darco-G60) and alumina (acidic), were purchased by Aldrich. Lithium bis(trifluoromethanesulfonyl)imide, LiTFSI (> 99.9 wt.%), and sodium bis(fluorosulfonyl)imide, NaFSI (> 99.9 wt.%), were provided by 3M and Solvionic, respectively. Deionized H 2 O was obtained with a Millipore ion-exchange resin deionizer.
The N-methyl-N-propylpyrrolidinium bromide (PYR 13 Br) precursor was synthesized by reacting Nmethylpyrrolidine, previously dissolved in deionized water, with the appropriate amount of 1-bromopropane. After 30-60 minutes stirring at 70 °C, a transparent, yellowish, aqueous solution of PYR 13 Br was obtained. The precursor was then purified through activated carbon and acidic alumina. The liquid fraction (a clear, colorless, highly concentrated solution of PYR 13 Br in water) was separated from the solid one (sorbent materials) by vacuum filtering and separately collected. Successively, the solid phase was rinsed with deionized water to recover the precursor trapped through the sorbent materials, obtaining a further PYR 13 Br aqueous solution (clear and colorless), which was unified to the previous one.
PYR 13 TFSI and PYR 13 FSI were obtained by reacting aqueous solutions of PYR 13 Br with appropriate amounts of LiTFSI or NaFSI (both highly soluble in water). The reaction (anion exchange or metathesis) led to fast formation of hydrophobic PYR 13 TFSI (or PYR 13 FSI) and hydrophilic LiBr (or NaBr). After 10-15 minutes, the mixing was interrupted, allowing phase separation to occur. The upper phase was mostly composed of water, LiBr (or NaBr) and LiTFSI (or NaFSI) excess whereas the lower one was constituted of PYR 13 TFSI (or PYR 13 FSI) with traces of water and LiBr and LiTFSI (or NaBr and NaFSI). After removal of the aqueous phase, the ionic liquids were rinsed several times with deionized water to remove water-soluble salts (LiBr or NaBr and excess of LiTFSI or NaFSI) and other impurities. Successively, the ionic liquids were placed in a vacuum rotary evaporator at 90°C to remove the most water and, finally, were dried under high vacuum (10 -5 mmHg by a turbo-molecular pump) at 20°C for two hours, followed by two hours at 60°C and at least eighteen hours at 120°C. Finally, the dry ionic liquids were stored in sealed glass tubes. The vacuum drying and sealing steps were performed inside the dry room (R.H. < 0.1%).
The procedure route allowed obtaining transparent, colorless, odorless ionic liquid materials with a moisture content below 2 ppm.
PYR 13 TFSI-LiTFSI and PYR 13 FSI-LiTFSI electrolyte mixtures were prepared (inside the dry room) by stirring the components, blended in the proper stoichiometric amounts, for 5-10 minutes at 50 °C.
NMR Spectroscopy
The 1 H and 19 F NMR spectra were recorded on a Bruker Avance 500 spectrometer operating at the 500.13 MHz proton frequency equipped with a QNP four nuclei switchable probe. The 7 Li spectra were acquired on a Bruker DRX 500 spectrometer equipped with a broadband probe. The IL samples (0.5-1.0 g each) were transferred in a 5 mm NMR tube inside the dry-room to avoid any water contamination. The NMR tubes, equipped with a co-axial capillary containing d6-DMSO as internal chemical shift reference, were immediately flame-sealed after loading the sample. Heteronuclear { Li} HOESY experiments were acquired using the inverse-detected pulse sequence proposed by Alam et al. [36] with 128 increments in the t1 dimension and sixteen scans for each experiment. The range for the mixing time was of 20 ms -4s for the { 1 H- 19 F} experiments and 50 ms -3s for the { 1 H- 7 Li} experiments. The sample PYR 13 FSI-LiTFSI contains both the FSI and TFSI anions with a fluorine shift difference of about 133 ppm at 305 K (with the TFSI signal observed at higher field). For this sample two separate { 1 H- 19 F} HOESY experiments have been performed using a Gaussian 90° soft pulse centered on the TFSI and FSI frequency respectively in each experiment. The 2D data sets were processed with SI1=2K points and SI2=512 points. Squared cosine bell window multiplication was then applied in both dimensions before 2D Fourier transform. The cross-peak integrals were measured using the Bruker software. The peak volume of each cross-peak has been corrected by considering the contribution of the number of spins. The cross-peak intensity arising from N I equivalent spins I ( 1 H) and N S equivalent spin S ( 19 F or 7 Li) is proportional to the ratio of N I N S /(N I + N S ); [37] therefore, for semi-quantitative comparison, the original peak volume has been corrected by dividing the original integral by the value N I N S /(N I + N S ). For all the experiments, the temperature was set and controlled at 305 K.
Intermolecular NOE and interacting nuclei distance: some key concepts A summary of NOE theory is far beyond the scope of this work; the reader interested in the development of the theory and applications can refer to specialized textbooks [3] The purpose of this paragraph is to highlight only few concepts useful for the discussion of intermolecular NOEs and their dependence upon the distance r between the interacting nuclei. The usual notation of I and S for the different nuclear species close in space and able to undergo cross-relaxation, thus to develop heteronuclear NOE, is here adopted. No attempt to demonstrate equation or to derive them is reported here, as extensively treated in references 16 and 17.
In an heteronuclear NOE experiment, the cross-relaxation rate  IS . is given by the equation (1): 
Results and Discussion
In this study we have considered two pure ionic liquids and two mixtures with LiTFSI. For clarity, the samples are indicated according to the composition in molecules normalized to the arbitrary value 100. The code is summarized in Table 1 . 19 F} NOE correlation experiments were used to gain information on cation-anion interactions and aggregation motives in the pure IL (PYR 13 TFSI). In the second part of this section the effect of IL doping with LiTFSI is monitored by heteronuclear NOE and discussed in terms of structural changes induced by the presence of the Li salt.
The 2D plot of the experiment performed on pure PYR 13 TFSI shows the dipolar contacts among selected protons of the cation and the fluorine nuclei of the TFSI anion. The contour map of Figure 2 is intended to be a snapshot of the dipolar contacts among the F nuclei of the anion with the collection of H nuclei of the cation. In order to derive more quantitative information on the spatial relationship of anions and cations, the kinetics of NOE build-up was studied by performing an array of HOESY at different mixing time for the magnetization transfer via cross-relaxation. More details on the theory can be found in the literature [12] and will not be repeated here. Suffice to mention here the fact that we choose the so-called initial rate approximation to obtain the cross-relaxation rates  IS , in turn related to the selected proton (on the cation) -fluorine (on the anion) internuclear distance (r IS ). The results are shown in Figure 3 as full plot of the normalized cross-peak intensity vs mixing time for PYR 13 TFSI and its mixture with LiTFSI. The same protocol was applied in the case of pure PYR 13 FSI (curve not shown) and for the mixtures with LiTFSI. In the latter case (sample PY9191), the 19 F NMR spectrum contained two distinct singlets due to the two different anions (TFSI and FSI). The observed chemical shift difference,   133 ppm, made troublesome the use of the standard pulse sequence employed for the samples containing TSFI only. Therefore, the { 1 H- 19 F} NOE build-up curves were obtained in two separate experiments carried out with a band selective pulse sequence able to extract the NOE contacts of TFSI and FSI. In all the cases, the build-up curves show a linear part at low mixing times, usually in the 0-300 ms range. However, in order to avoid over-interpretation of the data and errors due to neglecting the different relaxation rates of the nuclei [12] , we restricted the linear region to the 0-150 ms range and used only those data for the linear regression. As an example, the linear plots from data of Figure 3 are shown in Figure 4 . The slope of the regression curves is proportional to  IS . The normalized values of the NOE intensity are listed in Table 2 . The arbitrary value 1 was given to the most intense interaction. All the others are scaled accordingly. A more visual approach is proposed in Figure 5 , where the molecular frame of the cation is wrapped in shaded elipsoids/spheres whose size is proportional to the intensity of the interaction. The colour code, red/blue for strong/medium-weak interaction, respectively, is also adopted. For clarity, the figures of Table  1 Table 1 . The shaded volumes are proportional to the "probability of presence" of the fluorine atoms. The red colour indicated normalized intensity values greater than 0.5. The NOE of the two different sets of 19 F nuclei in the sample PY9191 (namely CF 3 groups of TFSI and F of FSI) are shown in curly bracket from top to bottom, respectively.
According to the GSW theory, the { 1 H- 19 F}NOE is expected to extend beyond the first solvation shell, due to the prevalence of the long-range effects over the short-range ones. The high and low value volumes are depicted in red and blue, and correspond to spatial regions either easily or not easily accessible to the F atoms of the anions, respectively. These results, and the proposed interpretation, outline the different domains in the IL rather than a localized, pair interaction of any individual cation with the closest anions. The concept of domain in ILs was initially proposed by Canongia-Lopes and Padua in 2006 from a theoretical viewpoint as a key feature of the nano-structuration in ILs [38] . More recently, experimental evidence have supported such a model [39, 40] . The sketch reported in Figure 5 compare the extension of the anion accessibility domains for the ILs, PYR 13 TFSI and PYR 13 FSI with and without LiTFSI (the codes are: PY1100, PY1010, PY9101 and PY9191 in the order). Inspection of the sketches on the left hand side reveals quite clearly that the less polar part of the systems, namely the propyl chain and the CH 2 -CH 2 part of the pyrrolidinium ring, account for the less probable presence of the anion. This point is in good agreement with the existence of a polar and non-polar domain within the liquids, and with the preferred presence of the anion in the polar domain. Noteworthy, the length of the alkyl substituent on the cations and the fluorine content on the anion are not high enough to provide evidence of the presence of fluorophilic domains, as previously reported for other ILs with broader apolar and fluorophilic components [40] . The smaller extension of the low probability area (blue elipsoids) in PYR 13 FSI compared to the corresponding in PYR 13 TFSI is therefore ascribable to the different size of the anions.
It is interesting to observe if the addition of LiTFSI salt induces structural changes in the pure ionic liquids. The { 1 H- 19 F} NOE build-up curves for the LiTFSI doped samples, reported in Figure 4 , show that the presence of the lithium salt strongly influences PYR 13 TFSI. According to Figure 5 (top right), the main effect of doping PYR 13 TFSI with LiTFSI is to alter the size of the domain of anion accessibility, making it broader by extending the probability region to the whole pyrrolidinium ring, but scarcely influencing the propyl chain apolar domain. On the other hand, PYR 13 FSI does not show this effect in such a clear-cut way and when doped with LiTFSI salt.
Lithium-proton HOESY NMR heteronuclear { 1 H- 7 Li}NOE correlation experiments were used to investigate the cation-lithium interactions in the pure ILs and their mixtures. It is known that the Li + ions are strongly complexed by sulfonilymide anions [41] . In a previous paper the X-ray structure of the [Li (TFSI] 2 ] -ions was reported in pyrrolidinium type ILs with Li dopants. [42] The existence of tetra-coordinated Li ions is to be kept in mind when interpreting { Li}NOE build-up curve, along with the linear plot at short mixing time, is given in Figure 6 . The normalized intensities are summarized in Table 3 . Li} NOE intensities is displayed in Figure 7 , with the same settings as in Figure 5 . . A possible involvement of CF 3 … H 3 C-N + hydrogen bonds, clearly observed in the solid state on DEME-TFSI based ILs [43] , can be invoked to justify the high probability of presence of Li + in the proximity of the N-methyl group of PY9101. Consistent with this interpretation is the fact that such probability decreases in PY9191 (Figure 7 , right panel) as the hydrogen bond properties of [FSI] -are reported to be significantly lower than those of [TFSI] - [43] . The pattern of { 1 H- 7 Li}NOE contacts of PY9101 can be also compared to the experimental H-Li non-bonded distances derived from the crystal structure of a similar system, namely 0.33 PYR 14 TFSI -0.67 LiTFSI. [42] The two systems are very similar but not identical: the alkyl chain is longer in the latter (C4 in the crystal structure vs C3 of the present study) and the IL/LiTFSI composition is also different (1/2 in the crystal structure vs 9/1 of the present study). Having considered these differences, the { 1 H- 7 Li}NOE intensities are in a good qualitative agreement with the first neighbours H … Li distances obtained from the X-ray data. A histogram of the crystal contacts is reported in Figure 8 . [42] . The x-axis shows the distance intervals (A) for the selected contacts. The y-axis shows the type of contact, according to the atom numbering of Figure 1 . The z-axis shows the bars' height: The z-axis scale is the integer number of counts for the selected contact in each distance interval. The top panel groups the H atoms on the PYR 14 ring (same numbering as in Figure 1 : H5-Li, H5'-Li, H4-Li, H6-Li and H6'-Li), while the alkyl chain H atoms are separately analysed in the bottom panel (H2-Li, H1Li, Me-Li, H3-Li).
The category axis accounts for the H…Li distance intervals (3 to 5 Å in 0.1 Å steps), whereas the bars accounts for the number of contacts in each interval. The histogram reported on the left panel of Figure 8 clearly indicates that the frequency of short contacts in the range 3 Å < r <5 Å is high for the H atoms in position 5,6 and for the N-methyl group, thus mirroring the NOE intensities depicted in Figure 7 (left). In a parallel way, the right panel of Figure 8 Li}NOE are mainly driven by the short-range interactions, as claimed in the Introduction and for the reason that the Larmor frequencies of the interacting nuclei are far apart. This point provides, on our opinion, an experimental support to the interpretation of intermolecular heteronuclear NOEs and it is in fair agreement with one of the key statement of the GSW theory: "frequency matters".
Finally, a comparison between the { 1 H- 7 Li}NOE patterns of PY9101 and PY9191 is worth of mention. Indeed, a striking feature arises from the comparison of the left and right panel of Figure 7 . In the case of PY9191, a surprisingly high NOE intensity is detected for the methyl group of the propyl chain (H1), despite the evidence mentioned above of a scarce affinity of Li for the apolar tail of the PYR 13 cation. This finding is completely counterintuitive and indeed represents a sort of conundrum. Further studies are in progress on a larger repertoire of compositions in order to work out a general interpretation. However, we would like to anticipate here just one result related to the mixture of composition 0.3 PYR 13 TFSI -0.6PYR 13 FSI -0.1 LiTFSI (PY9461, see Table 3 ) as an example of a representative intermediate composition between PY9101 and PY9191. The NOE data, depicted in the middle sketch of Figure 7 , point out that the methyl group at the end of the propyl chain (H1) is a highly sensitive probe to the anion composition of the mixture. The observed normalized intensites for the Li-H1 interaction are 0.17, 0.63 and 0.93 for PY9109, PY9461 and PY9191, in the order, thus suggesting that the interaction is modulated by the TFSI/FSI ratio. The latter, in turn, is seen to affect the steric hindrance of the coordinated Li ions, with possible consequences on the structure and on the size of the first solvation shell of the Li ions. Additionally, the opposite trend is observed for the Li-H4 interaction: 0.79, 0.66, 0.52 for PY9109, PY9461 and PY9191, in the order. This trend seems to confirm the involvement of CF 3 … H 3 C-N + hydrogen bond capability, which intensity is, once again, modulated by the mole fraction of TFSI anon. These conclusions, although far from providing a general, clear-cut model for the Li solvation shell in these systems, are nevertheless consistent with the effect of short-range interactions monitored by 1 
H-7
Li NOE data.
Conclusion
The combined use of { 1 H- 19 F} and { 1 H- 7 Li}HOESY experiments allowed us to observe the same molecular panorama from two different observation sites. The distance dependence of the heteronuclear, intermolecular NOE on the Larmor frequencies of the interacting nuclei can be exploited to gain structural information concerning different distance ranges. The experimental approach here described, and the data analysis considering the GSW theory, provide structural details on both the short-range local structure of anion-cation alternation pattern and the long-range aggregation motives generating the different domains in ILs. Overall, the method and data analysis here proposed represent a paradigmatic example of the rethinking of structural assessment of the local order in ILs derived by intermolecular NOE data.
As a final remark, we hope to stimulate experimentalists to a renewed way of interpreting NMR data and the theoretician to use the experimental approach and results here described as a suitable input for MD simulation, for the validation of the intermolecular NOE models and to work out quantitative indication about the influence of the first solvation shells upon the intermolecular NOE patterns, especially for the { F} experiments, by far the most used and useful for ILs.
